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Abstract: 
Pesticides are often reported in aquatic environments contamination as being a result of soil leaching and 

improper disposal of agricultural packages. Advanced oxidation processes have been studied as alternatives to 
treat such compounds in aqueous media. The aim of this study was to determine the best concentrations of H2O2 

and Fe
2+

 that achieved the most efficient simultaneous degradation of hexazinone and diuron. The central 

composite design (CCD) and response surface method (RSM) were applied to evaluate and optimize the 

interactive effects of H2O2 and Fe
2+

. The dosages of H2O2 and Fe
2+

 used in the photo-Fenton degradation of an 
aqueous solution of hexazinone and diuron ranged from 0.09 to 29.1 mmol L

-1
 and 0.01 to 0.92 mmol L

-1
, 

respectively. The response surface revealed low concentrations of H2O2 and Fe
2+

 to the ideal degradation. These 

photo-Fenton conditions promoted 100% degradation of hexazinone and diuron and 76% of mineralization in 
only 30 minutes. 
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Introduction 
 Hexazinone (HX), 3-cyclohexyl-1-6-
(dimethylamino)-1-methyl-1,3,5-triazine-2,4(1H,3H)-

dione, and diuron (DR), N-(3,4-dichlorophenyl)-N,N-

dimethyl-urea, are commonly jointly sold and used in 

sugarcane cultures for weed control because the 
application of herbicides is an easy, efficient and low-

cost method (1-2). HX is a pesticide that contaminates 

groundwater (3) most probably due to its high water 
solubility (33 g L

-1
), which enables leaching into soils 

(4), and half-life of more than 1 year in buffered 

solutions at 5-9 pH levels (5). DR is a water-soluble 
(42 mg L

-1
) herbicide (6) considered a persistent and 

biorecalcitrant compound (7), because its half-life 

ranges from 1 month to 1 year. Furthermore it is 

suspected to be a carcinogenic, toxic and genotoxic 
compound (8 -9). 

 As a result of intense agricultural use, these 

compounds can be transported to surface water or 
groundwater (1). Plenty of research into the detection 

of agricultural chemicals, as herbicides in freshwater 

and marine ecosystems (11-12) has been conducted. 

In Brazil, residues of DR and HX have been found in 
 
 

*Corresponding author; E-mail address: marcoslanza@iqsc.usp.br 

samples of Oxisol located at 6.5 km north of Orlândia, 

São Paulo, Brazil (13); they have been also found in 

concentrations up to 0.26 mg L
-1

 and 7.12 mg L
-1

, 
respectively, in the water supply system for the city of 

Ribeirão Preto, located in the recharge zone of the 

Guarany Aquifer near a sugarcane plantation area (4). 
In Brazil, no limit has been established for the levels 

of DR and HX in drinking water (14). However, 

Australian regulations allow maximum DR and HX 

concentrations of 30 and 300 μg L
-1

, respectively
 
(15).  

 The presence of pesticides in the environment is 

hazardous for flora and fauna and also causes serious 

problems to human health. Residues of pesticides in 
our food due to bioaccumulation may achieve 

concentrations that cause hormonal disturbances (16). 

Therefore, it is important to develop effective methods 
which are capable of oxidizing pollutants rather than 

just transfer them phase. Advanced oxidation processes 

(AOPs) have been reported as potentially powerful 

methods to treat pollutants by the use of highly reactive 
oxidizing radicals to oxidize organic contaminants. 

This method has become a popular alternative to treat 

herbicides in soils, groundwater and industrial waste-
water (17-18). Among AOPs, the photo-Fenton 

process is known by the high power to destroy 

harmful organic pollutants in wastewater, wherefore it 
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has been applied in treatment of many organic 

pollutants (19-21). 
 The use of statistical methodologies, such as 

response surface methodology (RSM), to model the 

performance of an experimental system is a way to 

find and optimize the best experimental conditions 
without a large number of experiments or high 

consumption of time. It also enables the evaluation of 

the explicit relationships and tendencies between 
variables (22-23). 

 The aim of this study was to determine the best 

concentration of H2O2 and Fe
+2

 without excess of 
reagent in the simultaneous degradation of DR and 

HX herbicides by the photo-Fenton process and using 

a central composite design. The efficiency of the 

degradations was monitored by high-performance 
liquid chromatography (HPLC/UV), UV-visible 

spectrophotometry (UV/VIS) and total organic carbon 

(TOC).  

 

Experimental 

Chemicals 
 The formulation of commercial compound 

(Milenia Agrociências SA, Londrina, PR, Brazil) used 
in the degradation assays contained 53.3% (w/w) of 

DR and 6.7% (w/w) of HX. The analytical standards 

of DR and HX herbicides (99.5% and 99.9% pure, 

respectively), sodium sulphite and ammonium 
metavanadate were acquired from Sigma–Aldrich (St. 

Louis, MO, USA). The 30% (w/w) solution of 

hydrogen peroxide (reagent grade) was commercially 
obtained from Ecibra (São Paulo, SP, Brazil). Methanol 

and sulphuric acid were purchased from Mallinckrodt 

(Xalostoc, Edomex., Mexico). Sodium carbonate and 

sodium bicarbonate were acquired from JT Baker 
(Phillipsburg, NJ) and FeSO4.7H2O was purchased 

from Labsynth (Diadema, Brazil). Aqueous solutions 

were prepared with water (18.2 MΩ cm resistivity; 
0.039 mg C L

-1
) purified by a Millipore (Eschborn, 

Germany) Milli-Q water purification system. 

 

Photo-Fenton Simultaneous Degradation of DR 

and HX 

 The Photo-Fenton degradation assays were carried 
out in a UV photoreactor connected to a 9 W UV-A 

lamp (360 nm emission peak) during 30 min of 

constant magnetic stirring and temperature of 25°C, 
Figure 1 show the schematic representation of the 

reactor employee. Before to start the experiment, it 

was prepared 0.2 L of the solution containing 100 mg 

L
-1
 of the mixed commercial that has 6 mg L

-1 
of HX 

and 33 mg L
-1

 of DR. After that, the pH was adjusted 

to 2.5 because the Fenton reaction is commonly 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 
Figure 1. Schematic representation of the reactor employee in the 
experiments. 
 
carried out in pH < 3 to avoid the precipitation of Fe

3+
 

(24). At the beginning of each photo-Fenton degrada-
tion, Fe

2+
 was added from the reagent FeSO4.7H2O 

and H2O2 from a stock solution of 30% H2O2. The 

initial total organic carbon of this solution was 21 mg 
L

-1
. 

 Central composite design (CCD) was used to 

determine the levels of H2O2 and Fe
2+

 required for the 

most efficient photo-Fenton degradation of DR and 
HX herbicides. The coded values (Cd) for levels of 

the independent variable (Fe
2+

 and H2O2 concen-

trations) were obtained from Equation 1, where Rv is 
the real value, Rv+1 is the real value for +1 level and 

Rv-1 is the real value for -1 level. 
 
 Cd = (2 x Rv - (Rv+1 + RV-1)) / (Rv+1 - RV-1)   Eq.1 
 
 The quadratic equation that indicates total organic 

carbon removal as a function of the process parameters 

(Fe
2+

 and H2O2 concentration) was obtained from 
multiple linear regressions between the parameters. In 

order to determine the best condition of degradation, 

response surfaces were constructed by means of 
Matlab 2011a (Mathworks, Natick, MA, USA). The 

model was analyzed with a confidence level of 95% 

using analysis of variance (ANOVA). 
  

Analysis 
 The concentration decay of herbicides was 

monitored and quantified by HPLC using a Shimadzu 

model 20A chromatograph equipped with a UV-Vis 
detector. A Varian (Bellefonte, PA, USA) Pursuit 5 

C18 column (250 mm × 4.6 mm i.d.; 5 µm) protected 

by a Supelcosil C-18 guard column (20 mm × 4.6 mm 
i.d.; 5 µm) maintained at 35°C was used as the 

stationary phase, and the mobile phase used was 

methanol:water (70:30) with 0.8 mL min
-1

 flow rate 
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Table 1. Central composite design for the photo-Fenton degradation of DR and HX and respective observed responses (percentage of 
TOC removal) for planning P1 and P2. 
 

Experimental 

Run 

Coded levels 

Actual levels of 

P1 

(mmol L-1) 

Observed Factor 

Actual levels 

of P2 

(mmol L-1) 

Observed Factor 

X1 X2 
H2O2 

(X1) 

Fe2+ 

(X2) 

Total organic carbon 

(percentage of removal) 

H2O2 

(X1) 

Fe2+ 

(X2) 

Total organic carbon 

(percentage of 

removal) 

1 -1 -1 0.5 0.05 8.19 3.32 0.331 67.15 

2 1 -1 2.5 0.05 10.89 5.32 0.331 66.73 

3 -1 1 0.5 0.25 15.11 3.32 0.532 73.24 

4 1 1 2.5 0.25 63.60 5.32 0.532 64.36 

5 0 0 1.5 0.15 34.55 4.32 0.432 75.00 

5 0 0 1.5 0.15 44.92 4.32 0.432 69.77 

5 0 0 1.5 0.15 38.56 4.32 0.432 72.20 

6 -1.41 0 0.09 0.15 5.91 2.91 0.432 71.77 

7 1.41 0 2.91 0.15 46.30 5.73 0.432 73.32 

8 0 -1.41 1.5 0.009 1.55 4.32 0.291 63.41 

9 0 1.41 1.5 0.291 49.80 4.32 0.573 76.30 

 

and absorbance monitored at 254 nm. The limit of 
detection (LD) and quantification (LQ) was 4.5 μg L

-1
 

and 13.7 μg L
-1 

to HX, respectively (correlation 

coefficient 0.999) and 0.6 μg L
-1
 and 2.1 μg L

-1 
to DR, 

respectively (correlation coefficient 0.999). 

 A Shimadzu (Kyoto, Japan) model TOC-VCPN 

analyser determined the total organic carbon removal. 

In this case the sample was analysed directly, without 
filtration. UV-Visible (UV/VIS) Spectrophotometry 

(Varian Cary 50 Scan Spectrophotometer; 200-800 

nm) monitored the herbicides' absorbance decay 
during the degradation and residual concentration of 

H2O2 and Fe
2+

. The residual concentration of H2O2 

was determined after a previous reaction between 
H2O2 and ammonium metavanadate that produces a 

red-orange color peroxovanadium cation (450 nm) 

(25). The residual concentration of Fe
2+

 was determined 

from the reaction of ferrous ions and 1,10-phenan-
throline reagent (510 nm) (26). All analyses were 

performed in 0, 5, 10, 15, 20 and 30 min of reaction 

experiments. 
 

Results and Discussion 
 The study aimed to evaluate the efficiency photo-

Fenton reaction in the simultaneous degradation of 

diuron and hexazinone. We conducted an initial 
planning phase (P1) with 11 photo-Fenton experiments. 

Different combinations of ferrous sulphate and 

hydrogen peroxide concentrations (including triplicate 
determinations of the central points) and the amounts 

of DR and HX degraded and TOC removed were 

determined.  

 In most experiments, the DR and HX concen-
trations were below the detection limit of the HPLC/ 

UV at the end of the 30-minute reaction. From these 
results, only the TOC percentage removal could be 

modelled. The CCD experimental matrixes as well as 

the factors observed for the TOC removal are shown 
in Table 1. Initially, the behaviour of the variables was 

modelled by a quadratic equation, considering the 

analysis of variance (ANOVA) and the Student’s t test 

(at 95% confidence level). Equation 2 shows the 
quadratic equation and the standard deviations of the 

coefficients in brackets for planning P1. In this case, 

the results were inadequate because they showed a 
considerable lack of fit due to the high values of the 

residues, thus failing to predict the value 

quantitatively. However, as the dependent variable 
was above 80%, trends could be observed within the 

experimental domain. Coefficients b1 and b2 indicate 

that high concentrations of Fe
2+ 

(0.291 mmol L
-1

) and 

H2O2 (2.91 mmol L
-1

) contribute to a higher TOC 
removal. This behaviour is also displayed in Figure 2, 

where the response surface indicates that higher 

concentrations of both variables significantly improve 
the response. 

 

 
 

    
 
 (R

2
=0.81) (R

2
max = 0.98)  Eq.2

    

 In order to check whether the dependent variable 
values were similar to those expected using the factor 

levels suggested by the optimization procedure, an 

additional photo-Fenton reaction was carried out 
under conditions close to those predicted as optimal 
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Figure 2. Response surface representing the relationship between the percentage of total organic carbon (TOC) removal from the reaction 
mixture (y) and the concentrations (encoded) of H2O2 (x1) and Fe2+(x2) employed in the photo-Fenton process. 

 

by the response surface, i.e. with X1 and X2 at the 

1.41 level. The best factor was obtained in this 
experiment when 76% of TOC had been removed 

after 30 minutes of reaction. Beyond that, as the 

response surface showed that the optimum conditions 
occur at the highest (extreme) test conditions for 

ferrous sulphate and hydrogen peroxide, there may be 

a higher concentration of Fe
2+

 and H2O2, outside the 
experimental domain, which can be more efficient for 

the TOC removal of the commercial herbicide. To 

confirm this assumption, we carried out a second 

planning phase (P2). The minimum concentrations 
adopted for H2O2 and Fe

2+
 were the same found for 

the best condition of P1 aforementioned. Figure 3 

summarizes the choice of the concentrations for both 
variables. The experimental domain for planning P2 is 

strategically above that of planning P1. 

 Planning P2 shows that the region considered is 

efficient for the degradation under the experimental 
conditions established, and a small variation (below 

17%) was observed between the responses at all levels 

empirically studied. This behaviour was also observed 
for the average of the responses, whose central point 

was at 72.32% of the TOC removal, while the average 

for the 11 experiments was 70.30%. From these 
results the quadratic equation is expected show a lack 

of fit – Equation 3 has confirmed this hypothesis (five 

parameters related to both variables are not statistically 

significant). The variance explained (R2) is 80.3% and 
the maximum variation explained (R2 max) is 92.7%. 

The theoretical prediction for the model is small, 

hampering the observations of trends within the 
experimental domain. Ultimately, we showed that a 

rise in the concentration of the variables did not 

necessarily cause an increase in the TOC removal. 
Therefore, it is clear that the condition found in 

planning P1, at concentrations lower than those of 

planning P2, is the best to remove the TOC of the 

herbicides studied. 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

Figure 3. Range of the independent variables (Xi) used in the 

experimental design for planning P1 ( ) and planning P2 ( ) and 

the best condition for planning P1 (*). 

 

 
 

 

 
 (R

2
= 0.80) (R

2
max = 0.93) Eq.3 

 

 In the photo-Fenton reaction, the amount of 
oxidant has to be carefully added to the system 

because in case of an excess, the hydroxyl radicals 

efficiently react with hydrogen peroxide to form HO2
•
, 

which is less reactive than OH
•
 (27). Additionally, 

OH
•
 radicals generated at high concentrations react 

with HO2
•
 and are scavenged. For these reasons, an 

increased addition of reagents can lower the reaction 
rate, which may explain the results found in P2. 

 The efficiency of the system was evaluated under 

the optimized conditions found in P1. A relevant 
monitoring in the photo-Fenton degradation is related 

to the evaluation of the concentrations of H2O2 and 

Fe
2+

 because the generation of 
•
OH, which is accom-

panied by the consumption of such reagents. Figure 4 
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Figure 4. Concentration C/C0 of H2O2 ( ) and Fe2+ ( ) and TOC 
removal percentage ( ) in the optimized conditions for the 
degradation of commercial herbicides HX and DR. Reaction 
mixture: HX/DR 100 mg L-1 (6 mg L-1 of HX; 33 mg L-1 of DR); 
ferrous ion 0.291 mmol L-1; hydrogen peroxide 2.91 mmol L-1; pH 
2.5. 
 
illustrates the concentration of H2O2, which decreases 
rapidly in the first 10 minutes of the experiment. At 

the end of the experiment, more than 95% of the H2O2 

added had been gradually consumed, favouring the 
generation of the 

•
OH instead of radicals of low 

oxidizing power. There was a more significant reduc-

tion of Fe
2+

 at the beginning of the experiment which 
it reduced approximately 67% in the first 5 minutes of 

the reaction and less than 6% remained in solution the 

end of the experiment. The significant decrease of Fe
2+

 

and H2O2 concentrations was followed by the evolution 
of the TOC removal. However, the TOC reduction 

was more significant in the last 10 minutes. This 

behaviour can be associated with the formation of 
intermediates in the first 20 minutes, which mineralized 

only in the remaining 10 minutes of degradation. 

 Another important parameter to be evaluated is 
the monitoring of the UV–Visible absorption spectra 

as a function of time. In this monitoring, the evalua-

tion was qualitative since the concentrations of the 

herbicides were quantified by HPLC/UV. Figure 5 
shows that before degradation there was a band near 

250 nm and another less intense in the 270 nm region 

(curve A), characteristic of n-π* transitions and 
assigned to the carbonyl groups for both herbicides. 

After 5 minutes of degradation (curves B, C and D) 

the corresponding bands disappeared, indicating a 

complete degradation of herbicides HX and DR. 
Concomitantly, a wide band appeared in the region 

between 280 and 330 nm and gradually decreased 

throughout the experiment. The process was also 
examined by HPLC/UV; Figure 6 shows chromato-

grams recorded during the monitoring in the 30 

minutes of the experiment, an excellent removal of 
herbicides was observed. The DR and HX were below 

 

 
 

 

 

 
 

 

 
 

 

 
 

 
 
Figure 5. UV–Vis absorption spectra. Before (curve A) and after 
5 min of photo-Fenton degradation (curve B); 20 min (curve C); 
and 30 min (curve D). Reaction mixture: HX/DR 100 mg L-1 (6 

mg L-1 of HX; 33 mg L-1 of DR); ferrous ion 0.291 mmol L-1; 
hydrogen peroxide 2.91 mmol L-1; pH 2.5. 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 
 
Figure 6. HPLC/UV chromatograms obtained in the photo-Fenton 
reaction for the degradation of commercial herbicides HX and DR. 
Hexazinone: retention time: 5.70 minutes. Diuron: retention time: 
7.46 minutes. Reaction mixture: HX/DR 100 mg L-1 (6 mg L-1 of 
HX; 33 mg L-1 of DR); ferrous ion 0.291 mmol L-1; hydrogen 
peroxide 2.91 mmol L-1; pH 2.5. 

 

the detection limit of the HPLC/UV in less than 5 

minutes of photo-Fenton reaction. Intermediates were 
observed near 4 minutes on the retention time, how-

ever, they gradually decreased during the experiment. 

These results clearly indicate that the photo-Fenton 
reaction promotes a rapid and significant mineralization 

of herbicides DR and HX and the by-products formed. 

They have also confirmed the importance of the study 

of concentrations of variables, which can be in con-
centrations inefficient for degradation. In this respect, 

during the study of variables through experimental 

design, it was critical not to use reagents in excess. 
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Conclusions 
 Considering the large application of HX and DR 

herbicides in crops of sugar cane, the simultaneous 

degradation of these compounds via photo-Fenton 

process showed a relevant and effective methodology 
for decontamination of effluents. The use of experi-

mental design was essential for the degradation of 

herbicides HX and DR via photo-Fenton. The influence 
of variables H2O2 and Fe

2+
 reduced possible systematic 

errors and excesses of reagents and created conditions 

considered ideal for the system. Planning P1 deter-

mined the ideal concentrations of the variables (2.91 
mmol L

-1
 and 0.291 mmol L

-1 
for H2O2 and Fe

2+
, 

respectively) while Planning P2 confirmed that P1 

was the best condition for degradation. In the optimized 
experiment, the herbicide concentrations by HPLC/ 

UV were undetectable within the first minutes and 

there was a significant percentage of TOC removal 
with mineralization close to 76% and efficient use of 

H2O2 and Fe
2+

. The results indicate that degradation 

via photo-Fenton coupled to the experimental design 

can be used for an effective decontamination of 
effluents containing DR and/or HX. Therefore, this 

technology appears to be important for the removal of 

herbicides in aqueous media.  
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